Large and magnetically complex sunspot groups are known to be associated with flares. To date, the Mount Wilson scheme has been used to classify sunspot groups based on their morphological and magnetic properties. The most flare prolific class, the δ sunspot-group, is characterised by opposite polarity umbrae within a common penumbra, separated by less than 2
Introduction
Solar flares are among the most energetic events in the solar system (energy up to ∼10 25 J; Emslie et al., 2012; Moore et al., 2001; Aschwanden and Freeland, 2012 ) influencing a panorama of physical systems, from the solar surface through the heliosphere and onwards into geospace. Flares, along with coronal mass ejections (CMEs), are a major contributor to space weather -the interaction of magnetic fields and particles accelerated on or near the Sun with the Earth's magnetosphere and upper atmosphere (Gopalswamy et al., 2005; Messerotti et al., 2009; Hapgood and Thomson, 2010) . Although significant progress has been made in understanding the fundamental physics of solar flares and coronal mass ejections, accurate forecasting of these enigmatic events remains elusive (Gallagher, Moon, and Wang, 2002; Cui et al., 2006; Leka and Barnes, 2007; Yuan et al., 2010) .
Flares occur in the volume of atmospheric plasma above sunspot groups. Sunspot groups are formed by the convective action of sub-surface fluid motions pushing magnetic flux tubes through the Sun's surface, the photosphere. Turbulent photospheric and subphotospheric motions jostle these flux tubes and, when the conditions are right, the sunspots produce a flare ( e.g., Conlon et al., 2008) . Currently the exact conditions that lead to flaring are not known. The analysis of sunspot groups and their properties has allowed the most accurate flare prediction to date (Barnes and Leka, 2008; Bloomfield et al., 2012; Ahmed et al., 2013) .
Studying large volumes of data to identify sunspot groups and their various properties is generally done using feature-characterisation and tracking algorithms. The automatic detection of sunspots and their constituent structures has been investigated using photospheric intensity images (Zharkov et al., 2004; Curto, Blanca, and Martínez, 2008) and magnetograms (McAteer et al., 2005; LaBonte, Georgoulis, and Rust, 2007; Lefebvre and Rozelot, 2004) . Various feature tracking algorithms were developed as part of the Heliophysics Events Knowledgebase (HEK; Martens et al., 2012) . Verbeeck et al. (2013) provide a review of the robustness of four major algorithms used to automatically detect and characterise active regions (ARs) and sunspot groups. The algorithms that they discuss are: the Solar Monitor Active Region Tracker (SMART; Higgins et al., 2011) , an automated AR detection and characterisation algorithm that uses magnetograms to detect magnetic features; the Automated Solar Activity Prediction code (ASAP; Qahwaji, 2008, 2009 ), a set of algorithms that uses intensity images and machine learning to detect and predict flares; the Sunspot Tracking and Recognition Algorithm (STARA; Watson et al., 2009) ; and the Spatial Possibilistic Clustering Algorithm (SPOCA; Barra et al., 2009) . A comparative study of flare prediction between SMART-ASAP (a combination of the feature detection of SMART and the machine learning of ASAP) and ASAP was performed in Ahmed et al. (2013) , which found SMART-ASAP to be the more accurate.
Sunspot groups have traditionally been classified using the McIntosh (McIntosh, 1990 ) and Mount Wilson (Hale et al., 1919) classification schemes. The
McIntosh scheme classifies the complexity of sunspot groups from their whitelight structure, whereas the Mount Wilson scheme uses magnetograms to classify the spatial distribution of magnetic polarities.
The original Mount Wilson classification scheme consisted of unipolar (α), bipolar (β) and mixed polarity (γ) designations, before being extended into the current Mount Wilson scheme through the addition of the δ designation -opposite polarity umbrae being enclosed by a common penumbra (Künzel, 1960 (Künzel, , 1965 . A statistical investigation of the connection between δ spots and major solar flares was published by Sammis, Tang, and Zirin (2000) , finding that the vast majority of X-class flares occur from sunspot groups that display a δ configuration at some time. However, Mount Wilson classifications are only issued every 24 hours by the National Oceanic and Atmospheric Administration (NOAA) Space Weather Prediction Center (SWPC), so it remains unclear how long it takes to produce a major flare after a δ spot forms. Automated detection of δ spot formation from high-cadence data is necessary to answer this, with realtime implementation being beneficial for flare forecasting. Here, a new software module named SMART-Delta Finder (SMART-DF) is developed as an extension of the SMART algorithm to automatically detect and characterise δ spots using simultaneous intensity and magnetogram data.
In this paper, the SMART-DF algorithm is explained in Section 2. The SMART-DF code is tested on several individual cases, with Section 3 presenting the observation and data analysis. Section 4 includes the results and Section 5 presents the conclusions and discussion of this work.
SMART-DF Algorithm
SMART-DF is a software package developed using Interactive Data Language (IDL) and SolarSoft (Freeland and Handy, 1998) . The definition of the δ classification as per Künzel (1965) is simply, a sunspot group with a "common penumbra enclosing opposite polarity umbrae". Mt. Wilson Observatory uses a more specific definition for δ spots as "umbrae separated by less than 2
• within one penumbra have opposite polarity"
1 . The only addition in this definition, compared to Künzel (1965) , is the specific value for the maximum distance between two opposite polarity umbrae. SMART-DF is developed based on this definition, and hence the distance threshold between the two opposite polarity umbrae is kept as 2
• . This algorithm implements the following two conditions for δ detection. First, the region should have two opposite polarity umbrae with centroids separated by less than 2
• heliographic distance. Second, these two umbrae should be surrounded by a common penumbra. These two conditions must be satisfied to classify a sunspot group as a δ spot. In SMART-DF the candidates that satisfy the first condition are named δ candidates, while those that satisfy both conditions are labelled as δ spots.
A simultaneously observed photospheric intensity image and line-of-sight (LOS) magnetogram are the necessary input to the code. The code also uses some parameters which must be provided as input. These include choosing a particular field of view (FOV), instead of full disc, to detect δ spots. When a δ spot is found, SMART-DF will mark the location on an image, along with an output structure providing details of magnetic and geometric properties of the identified features. The values of some input parameters are critical, since they decide the success of detection. The parameters and their optimised values used in this study are listed in Table 1 , and the reason for choosing these values for each parameter are explained in Section 3. Figure 1 shows the major steps of the SMART-DF algorithm, which are described in the sections below.
Umbra-Penumbra Identification
Regions of umbrae and penumbrae are identified using simultaneously observed continuum and magnetogram images. First, the intensity images are corrected for limb-darkening using the Allen (1976) as shown in Figure 2 . The Mean quiet-Sun intensity is defined as I QS , and intensities less than 0.65 I QS correspond to umbral pixels. Similarly, the peak at ≈0.77 I QS corresponds to the penumbral intensity (Leka and Skumanich, 1998) . In this study, all pixels with intensity less than 0.65 I QS and with a line-of-sight magnetic-field intensity, |B LOS | ≥ 500 G are defined as umbral pixels. Similarly, pixels within the intensity range of 0.65 -0.9 I QS are defined as penumbral pixels and above 0.9 I QS are defined as quiet Sun. These values are used globally for all images. Also, since our results are not dependent on flux within the umbral area, the errors in the intensity levels used are not important. The above selection procedure is verified manually by plotting contours around the umbra and penumbra. An example can be seen in the top-right image of Figure 1.
Distance Estimation
To avoid detecting very small pores and inter-granular lanes, only umbrae above a certain minimum cut-off area (A min ) are used to detect δ spots. The value used for A min in this study is given in Table 1 . Each umbra with an area larger than A min in the FOV is labeled based on its size and polarity. Hence, the largest positive-polarity umbra will be labeled U The distance between each possible pairing of opposite polarity umbrae is calculated. The distance is measured from the center of the umbra, taken as the B LOS weighted centroid. Those pairs of umbrae with a distance of less than 2
• in heliographic coordinates are marked as first-level δ candidates, which satisfy the first condition of the definition at the beginning of this section. Note that each candidate is a pair of positive and negative polarity umbrae, and only these candidates are considered for further analysis.
Presence of Common Penumbra around Spots
Penumbrae form around the umbrae, with or without azimuthal symmetry. A region around an umbral border with a certain width (the penumbral expected length, P el ) is selected and marked as the expected penumbral region (P expected ). Actual penumbral filaments can be bigger or smaller in size than P el in different cases. Hence, P expected is simply the area around umbrae where we expect to find penumbrae. Based on observed intensity levels, each pixel in this region is marked as either penumbral or non-penumbral. The area of such observed penumbra (P observed ) inside P expected is calculated. This is done for both the pair of umbrae in each δ candidate. Ideally, if penumbrae are formed with azimuthal symmetry and fill the P expected region, then the ratio P frac = P expected /P observed should be equal to unity. This is not always the case. In most of the cases the penumbra formation is not azimuthally symmetric and in some cases the penumbral size can be less than the width of the P expected region, given by the parameter P el . Hence, expecting such a ratio to be equal to unity is not always practical. The ratio also depends on the value of P el that we choose as input. In this study we have used different values of this ratio to qualify for second-level δ candidates, as explained in Section 4.
The third level checks whether the penumbra around the pair of umbrae are connected. This is done by determining whether P observed around each umbra in the pair is connected (sharing some common area, P share ). The pairs of opposite polarity spots that pass the three checks are marked as δ spots. This algorithm becomes unreliable when the active region approaches the limb, due to projection effects of both foreshortening and apparent (i.e., false) LOS magnetic-field polarity inversions. In this paper, we test SMART-DF only for ARs within ±60
• longitude.
Observations and Data Analysis
SMART-DF was tested using data from the Helioseismic and Magnetic Imager (HMI; Scherrer et al., 2012) . The HMI instrument was developed by the Stanford Solar Group and is a part of NASA's Solar Dynamic Observatory (SDO). HMI can be used to obtain continuum intensity images as well as LOS magnetic-field strength of the full solar-disc at high temporal cadence (every 45 seconds). HMI also obtains magnetic-field vector information using polarimetry, but this is not used in this study. The primary input to SMART-DF is a pair of simultaneous continuum intensity images and magnetograms. All the ARs that appear on the solar-disc during 2011 and 2012, with in ±60
• longitude were analysed to test the reliability of SMART-DF. A pair of intensity images and LOS magnetograms were obtained with 12 hour cadence, i.e., at 00:00 UT and 12:00 UT every day from the archived HMI data. SMART (Higgins et al., 2011 ) is used to automatically identify ARs and define regions of interest (ROIs) on the solar-disc. All ARs located within ±60
• of longitude have been checked for δ configurations using SMART-DF as explained in Section 2. To calculate distances and areas on the solar-disc, firstly helioprojective coordinates are converted to heliographic coordinates using the world coordinate-system (WCS; Greisen and Calabretta, 2002) programs (Thompson, 2006) available in the standard solar data analysis software (SolarSoft SSWIDL) and then spherical-trigonometry cosine-law is used (Smart, 1965) .
SWPC, operated by NOAA, releases a Solar Region Summary (SRS) text file every day at 00:30 UT. SRS files contain the Hale classification of each AR on disc. NOAA classifies each active region by visually analysing the previous day data. Each day SRS between 1 January 2011 and 31 December 2012 were obtained from the SWPC database and a list of ARs that formed δ configurations was created. Detections of δ spots from SMART-DF were compared with this list and a comparison test was performed using two methods.
The first method tests whether all ARs detected by NOAA as having a δ configuration on a particular day were also detected by SMART-DF. For this, those days on which a new AR appeared on the solar-disc were noted down (based on NOAA numbers in the SRS files). Each AR that formed a δ configuration according to the SRS files during 2011 and 2012 were listed and the date of its first detection as a δ was noted. SRS is based on observations of the Sun the previous day to the 'release date'. Hence, SMART-DF was used to check for δ configurations in the data of that day (the previous day of the SRS release date that has a δ spot). In this test, SMART-DF is limited to find less than or an equal number of δ spots compared to SRS. The results have been compared and are presented in Section 4 of this paper.
The second method tests the relative detection rates of NOAA/SWPC and SMART-DF. On each day, the number of δ configurations identified by NOAA are counted and plotted as a histogram distribution. Full-disc images (simultaneous continuum and magnetogram) are obtained with a 12-hour cadence, meaning twice per day for each day in 2011 and 2012. SMART-DF was used to look for δ configurations and a similar histogram was created and over-plotted for comparison. SMART-DF can detect less than, equal to or more instances of δ configurations NOAA/SWPC detections.
There are four important input parameters needed to obtain reliable results from SMART-DF, as explained in the previous section (Section 2). They are: i) A min , the minimum umbral area to be counted as an umbra; SOLA: paper_final.tex; 23 October 2015; 0:18; p. 7 ii) P el , the expected length of a penumbra (or rudimentary penumbra, as it is called in the case of a forming penumbra); iii) P frac , the fraction of penumbral area observed with respect to the expected penumbral area. iv) P share , the common area shared by the penumbrae of two opposite polarity spots.
The optimisation of these four parameters is critical for successful δ spot detection. The optimised values used for this study are given in Table 1 . The optimisation was performed by varying these parameters to find the combinations with the maximum successful detection rate of NOAA detected regions. Users are free to change these values in the code to suit their needs or if they find any anomalous AR going undetected (e.g., see the discussion on NOAA AR 12192 in Section 5). The minimum umbral area required to qualify as an umbra is fixed at 1.5 Mm 2 , which is greater than the typical size-scale of granulation (known to be ∼1 Mm ; Nordlund, Stein, and Asplund, 2009 ). The expected length of the penumbra (or rudimentary penumbra) is fixed at 3.5 Mm, the typical size of a forming penumbra (Solanki, 2003) . Technically the value of P el could be as large as the minimum distance that is needed to pass condition 1 of a δ spot (i.e., 2
• in heliographic coordinate system). However, intergranular lanes and other intensity regions seen in complex active regions can be wrongly marked as penumbra when P el is too large. Hence, it is important to choose an optimal value that matches with typical penumbral length-scales. The third parameter is the fraction of actual penumbral area with respect to expected penumbral area. Ideally this has to be equal to unity (i.e., 100%). However, the actual penumbral length can be different from case to case, and in many cases penumbrae will not be formed completely around both umbrae. Hence if we fix this value to 100%, even if there is a small region without penumbra, the algorithm will fail to count them as a δ candidate. This fraction can be significantly different from case to case, so SMART-DF was tested with different values of P frac on a known δ region. This resulted in an optimal value of 75% for P frac which was used in the rest of this study. This value also depends on the value of P el chosen. The fourth parameter, P share , is fixed at 750 km 2 (2 pixels × 2 pixels in the observed data). This is the common area shared between two penumbrae, so that they appear as one common penumbra.
Results
The SMART-DF algorithm was tested on multiple ARs. One example can be seen in the bottom-right image in Figure 1 . Three other examples of δ spot detection are shown in Figure 3 . In each row, the left side shows an HMI photospheric intensity image and the right side shows an HMI LOS magnetogram. The positive (north) and negative (south) polarity umbral areas are marked with red and blue contours, respectively. Green contours mark penumbral areas. A circle is drawn to highlight the region of interest centred at the δ forming region.
In the upper row in Figure 3 , two main spots with opposite polarity are observed, with the leading spot having negative polarity and the following spot having positive polarity. The δ formation occurs in the region of flux emergence between the two main spots. It is also observed in this case that the δ spot is formed by multiple small umbrae with opposite polarity and having a rudimentary penumbra around the whole region. A similar configuration is observed in the emerging region, but with two distinct, large and stable bipolar spots in the bottom right image of Figure 1 . The central row of the Figure 3 shows another case of two distinct δ spot formations in the same AR. One occurs in the emerging-flux region, similar to the earlier case. Another δ is formed by a small positive-polarity spot joining with a large negative leading-spot. Both spots share a common penumbra surrounding both polarities. The fourth example of a δ spot detected by SMART-DF is given in the bottom row of Figure 3 . Two δ forming pairs can be seen here. One of them is similar to the above example, where a small positive-polarity spot joins with a large, stable negative-polarity spot. In some cases opposite polarities of a small bipolar region may approach each other and form a rudimentary penumbra for a short time. SMART-DF indicates them as a δ since they satisfy both required conditions, and hence are marked with a small circle in the figure (bottom row). Such cases are generally seen at locations of flux emergence. A user can choose to avoid the detection of such small-scale and transient δ spots by increasing the cut-off umbral-area threshold (A min ).
The success rate of δ detection was also tested by comparing with the detections by NOAA/SWPC. There are two methods of performing this comparison, as explained in Section 3. The first method of testing is to check whether each AR is detected by both NOAA and SMART-DF on its first day of observation. During 2011 -2012, NOAA's SRS files reported 33 ARs as having a δ pair at some part of their appearance on the solar-disc. Out of these, 23 ARs formed a δ within ±60
• longitude. SMART-DF detected 21 out of these 23 NOAA detections several hours before the SRS was released by NOAA. The algorithm failed to detect any δ regions in NOAA AR 11164 and NOAA AR 11374 when compared to SRS. Both were manually checked, on AR 11164 there was not enough penumbra at the beginning when the opposite polarities were within 2
• , and by the time the penumbra developed the opposite polarities drifted away to more than the cut-off distance of 2
• . In the case of AR 11374 the negative polarity around the positive spot was spread like a plage and did not form a sunspot with area more than A min .
The second method of testing is to compare the number of instances of daily δ detections by NOAA and SMART-DF. The δ configuration in an AR may remain so for more than one day, and it will be counted again as another instance by both SMART-DF and NOAA. To match with NOAA's daily SRS, SMART-DF counts each δ region only once per day (though SMART-DF uses a cadence of two observation per day). During the two years studied here, NOAA detected 97 instances of δ formation within ±60
• of longitude while the SMART-DF detected 116 cases. Distributions of the two are given in Figure 4 . In these additional detections by SMART-DF, five ARs were never reported by NOAA. It is possible that NOAA ground-based data did not show a δ spot, due to its inferior spatial resolution or possible increased seeing. Since only two instances per day (at 00:00 UT and 12:00 UT) were used by SMART-DF for analysis, if a δ spot formed and disappeared between the two instances (with a gap of 12 hrs), SMART-DF would have missed that case, while NOAA would have detected them as they scan through out the day. A higher cadence data analysis would show a better match in the distribution. At the same time, SMART-DF may detect small, instantaneous δs which may be missed, or ignored by manual analysis by NOAA. When multiple δ configurations are formed in the same AR, both SMART-DF and NOAA list count them as one.
Discussion and Conclusions
In this article we report on the development of SMART-DF, an algorithm to automatically detect δ spots in active regions. These forms of sunspot groups are known to be associated with major solar flares (Sammis, Tang, and Zirin, 2000) . Current methods to identify δ spots are primarily based on manual checking of ground-based data (e.g., NOAA). Our near-realtime detection of the formation of δ spots can be used to flag an AR as a potential flaring region. SMART-DF will be integrated into SolarMonitor 2 , and hence will be available to the public. The results of comparing SMART-DF and NOAA/SWPC δ spot detection rates are presented. It is found that during 2011 and 2012, 21 out of 23 ARs detected by NOAA as δ spots (within ± 60
• longitude) were identified by SMART-DF during the 24-hour period before the SRS release by NOAA (which occurs at 00:30 UT every day). In some cases SMART-DF detected δ spots an entire day (during 24 -48 hours period) before it was marked as a δ by NOAA. In addition SMART-DF detected five ARs which were never reported by NOAA as δ region. If daily instances of δ detections were to be counted, 97 instances were detected by NOAA compared to SMART-DF 116 cases. SMART-DF might have detected more δ spots if the data had been analysed using higher cadence. In this study, data were obtained only once in 12 hrs, any instance of short term δ formation and disappearance during the interval are missed.
SMART-DF determines that a spot is a δ configuration when two conditions are met: i) opposite polarity umbrae within 2
• and ii) common penumbra surrounding both polarity umbrae. However, the conventional definition of δ spots is vague. While the Mt. Wilson Observatory uses the specification of within 2
• separation, the initial definition by Künzel (1960 Künzel ( , 1965 does not mention any value. The recent appearance of the extremely large region NOAA AR 12192 was one specific case where the distance between opposite polarity umbrae (both between their centroids and between their closest edges) is more than 2
• . As shown in the top row of Figure 5 , SMART-DF fails to find the correct δ spot pair (i.e., the two largest umbrae), instead selects a dark and very small negativepolarity region on the edge of the positive-polarity umbra. The correct pair of umbrae was detected only when the restriction of distance was increased, with the bottom row of Figure 5 the result when separations of up to 5.1
• are allowed. Although large ARs like AR 12192 are not common, there may be several candidates in which SMART-DF failed because the umbrae separation was slightly more than 2
• . In addition, the definition of penumbrae has changed significantly during the last decade with the advent of high-spatial resolution observations. In earlier observations, any shadow-like region around an umbra (with intensity less than the quiet Sun, but more than the umbra) was called penumbra. More recently, penumbrae are known to have distinct filamentary structure with a well defined magnetic topology. SMART-DF, like most other algorithms, uses only intensity values around umbrae to identify penumbrae. When two pores are in close proximity, a shadow-like region can form between them with an intensity between that of the quiet Sun and the pores (i.e., umbrae). Currently, SMART-DF will identify this as a penumbra and may use that to satisfy the second δ spot condition.
The detection of a δ spot does not assure the occurrence of a flare, but for flare forecasting studies it will be important to determine how useful δ spot detection is in identifying potentially flaring ARs. In a follow-on study, SMART-DF will be used to investigate the evolution of different physical parameters in δ spots, including the observed changes in magnetic topology and plasma velocity.
